The time and energy parents spend producing and rearing offspring are key variables in the evolution of sex ratios (Fisher 1930 ) and sex differences in mating behavior (Bateman 1948; Williams 1966) . Trivers (1972) , expanding earlier ideas, argued that the relative parental investment (PI) of the sexes in offspring governs the operation of sexual selection, influences parent-offspring relations, and plays an important role in the evolution of sexual reproduction. His model has stimulated much research (Wittenberger 1981; Barash 1982) even though the key variable, PI, cannot be measured precisely because it requires evaluating diverse nonadditive costs of one offspring (e.g., primary sex cells, feeding, transportation, and defense) with respect to the parent's ability to invest in another (Ralls 1976). We measured an important aspect of PI, the transfer of all milk nutrients from mother to young during lactation, in free-living northern elephant seals, Mirounga angustirostris.
Milk intake of elephant seal pups is a good index of the energetic aspects of PI from birth to weaning because: (1) the sole source of food and water for pups is mother's milk; (2) all milk is derived from the mother's body stores while she fasts from food and water during lactation; and (3) the nursing period is brief (X = 28.5 + 4.5 days) and conclusive, ending abruptly when the mother abandons her pup and returns to sea (Le Boeuf et al. 1972) .
We obtained an index of the energy mothers invest in suckling pups by estimating milk transfer from measurements of tritiated water turnover (Pace and Rathbun 1945; Lifson and McClintock 1966; Nagy 1975; McFarlane et al. 1969) , measuring mass gain of pups from birth to weaning, and from data obtained in a previous study detailing changes in milk composition during nursing (Riedman and Ortiz 1979) .
MATERIALS AND METHODS
Five elephant seal pups at Aflo Nuevo State Reserve, California, were captured on two occasions and held for approximately 2 h; first, within 24 h after birth and again within 24 h after weaning. For the initial capture, we selected mother-pup Am. Nat. 1984 . Vol. 124, pp. 416-422. ? 1984 by The University of Chicago. 0003-0147/84/2403-0017$02.00. All rights reserved. pairs situated 10 m or more from large harems in order to facilitate field manipulations, minimize disturbance to the colony, and reduce the likelihood of milk stealing by experimental pups and from experimental mothers. Each pup was separated from its mother to a distance of 20 m, it was weighed, injected intravenously with 1 mCi of tritiated water (HTO) in 3 ml sterile saline and returned to its mother. One and one-half hours later, the pup was restrained again for a few minutes and a 10-ml equilibration blood sample was collected. Immediately after this last manipulation, all experimental pups reunited with their mothers for the duration of the nursing period. Mother-pup pairs were observed daily throughout the nursing period but otherwise they were not disturbed. Within 24 h of weaning, each weanling was restrained and a blood sample was taken to ascertain the changes that occurred in body water specific activity during the nursing period.
The weanling was then weighed and the injection procedure used on the day of birth was repeated to determine the increase in water volume and body mass during nursing.
The specific radioactivity of serum water was determined by liquid scintillation counting. From these data, we calculated the mean daily water influx rate, rit, and the increase in body water volume for each pup during the nursing period. Mean rates, as defined by Lifson and McClintock (1966) , were calculated from the initial and final measures of HTO specific activity. Thus, ri, = rH,o + AN/At, where rHo is the mean daily water efflux rate determined from the change in serum water specific radioactivity from birth to weaning, and AN/At is the mean rate of body water increase over the same period. The increase in the body water volume during nursing, AN, was determined from the calculated dilution volume of HTO, 1.5 h after injection (Ortiz et al. 1978) . In computing ri, we assumed that the body water volume paralleled the nearly linear increase in body mass that we observed by repeatedly weighing six pups during nursing (unpubl. data).
The mass of milk pups received from their mothers, Mt, was calculated as the mean daily rate of preformed milk water ingested, -, divided by the proportion of preformed water in milk, W, times the number of days each pup suckled, tn. Thus Mt tnf (1) with Tpf being the difference between -, and the estimated mean daily rate of oxidatively formed water, To,. Water input by inhalation of water vapor, by diffusion across the skin or by any other means other than oxidation, was assumed to be negligible (Ortiz et al. 1978) .
RESULTS
Water influx rates, observed and calculated, and nursing durations used to calculate milk ingestion are shown in table 1. From the data in table 1, we calculated milk ingested, the relative proportion of its components and its caloric value, shown in table 2. The calculations of milk ingested are accurate insofar as experimental pups were observed to suckle only their own mothers and the latter nursed only their own pups. The accuracy of the method of calculating milk NOTE. -rO was estimated by assuming: (a) the mean daily metabolic rate of nursing pups is MR,,, iii, where MR,, is the mean mass-specific metabolic rate of weaned pups (50.9 kcal * kg-l day 1) (Ortiz et al. 1978) and FffP is the mean mass of each nursing pup during the nursing period, (b) fats are the sole metabolic fuel yielding 9.5 kcal/g and 0.11 g H20 kcalV. For example, !ip of subject Bk was 92.1 kg, therefore, MRp = (50.9 kcal kg-' day-') (92.1 kg) = 4688 kcal day-' (mean daily metabolic rate from 493 g fat). Therefore, T7 = (4688 kcal . day-')(0. 1 g H20 kcal-1) = 530 g day-1. Since water content in elephant seal milk declines asymptotically from approximately 75% at birth to approximately 30% at weaning while fat content rises with mirror image kinetics from about 12% to nearly 60% (protein and other solids remain fairly constant at about 8% and 4%, respectively) (Riedman and Ortiz 1979) , W was calculated by numerical integration of milk composition curves (relative proportions of water, fats, proteins, and other solids) adjusted for the number of days each pup suckled. For example, integration values over 31 days of lactation (pups Be, G, and E) yield relative proportions of 43.7% water, 43.9% fat, 7.7% protein, and 4.0% other solids.
* Estimated from length to be 4 to 6 yr old (Reiter et al. 1981). transfer is supported by the close correspondence of mass gain observed to mass gain predicted. Since the ratios are close to unity, assimilation efficiency must be at least as high as typical mammalian efficiencies of 90% to 95%. Changes in body composition from birth to weaning, based on changes in body mass and water distribution (Pace and Rathbun 1945) , yield similar estimates of the incorporation of milk components into body tissue.
During 4 wk of daily nursing, female elephant seals transferred a mean of 137.7
kg of milk to their pups. This amount of milk has a mean energy content of 6.0 x 105 kcal, five times the estimated metabolic requirements of suckling pups. At weaning, pups retained a mean of 66.7 ? 4.1% of the total mass they received as milk, 50% as fat. The mean energy value of the mass gained during nursing is 5.07 x 103 kcal/kg. The stored milk components, often referred to as "fat store" or blubber layer, allows weaned pups to fast from food and water for at least 10 wk before leaving the rookery to feed on their own (Reiter et al. 1978; Ortiz et al. 1978) . Thus, females transfer sufficient energy and nutrients as milk to pups during 4 wk of nursing to satisfy their maintenance and developmental requirements for at least the first 3 1/2mo of life. (Riedman and Ortiz 1979) . Total energy transfer was calculated as the sum of the energy content of fat and protein components (fat = 9.5 kcal * g-and protein = 4.3 kcal g-1) (Schmidt-Nielsen and Schmidt-Nielsen 1952) . Metabolic requirements of suckling pups were estimated from data collected in a previous study (Ortiz et al. 1978) . Predicted body mass gain was calculated as the sum of the transferred protein, other solids, observed body water gain, and unmetabolized transferred fat. For example, the total metabolic expenditure of subject Bk over 24 days of nursing was 1.12 x 105 kcal, requiring 11.8 kg of fat yielding 12.6 kg of oxidative water. Thus, 53.4 kg (fat transferred) -11.8 kg (fat metabolized) = 41.6 kg fat stored.
DISCUSSION
Elephant seals differ from most terrestrial mammals with respect to the rate and conditions of milk transfer. From table 2, we calculate the mean rate of energy transfer during nursing as 2.16 ? .33 x 104 kcal per day, more than twice the rate predicted for the elephant seal's size based on mass-specific transfer rates in laboratory and domestic animals (Brody 1945; Linzell 1972) . Moreover, the conditions of transfer are remarkable: elephant seals do not feed while lactating, whereas the energy output of nonfasting laboratory and domestic mammals is based on the highest period of production (Linzell 1972) .
A large, quickly transferred maternal investment by elephant seals in their pups is made possible by extensive advance preparation culminating in the production of a concentrated milk. Females spend 10 mo of the year at sea feeding and converting large quantities of food into energy-dense fat reserves and recruitable protein. Low mass-specific metabolic rate associated with large body size, and the ease of obtaining food, facilitates the accumulation of large body stores (Bartholomew 1970) . At parturition, all energetic and anabolic nutritive components of milk are available in body reserves, making possible the rapid synthesis and transfer of energy-rich milk to the pup. High efficiency of this kind is to be expected in all mammals that produce milk from stored reserves (e.g., most phocid seals, some whales, and some bears), in part, because the energy costs of ingestion and assimilation are incurred at the time of feeding.
Elephant seals are at the extreme end of a continuum of investment patterns among mammals which varies according to the time and concentration of milk energy transferred. Like grey seals (Fedak and Anderson 1982) , harp seals (Stewart and Lavigne, in press ) and a few other phocid seals (Ridgway and Harrison 1981) , they concentrate investment in the young during the first few weeks of life. This strategy contrasts with that of most large mammals which distribute the energetic component of PI over months or years during which the young begin to feed on their own and weaning occurs gradually. The concentrated investment strategy minimizes the cost of bodily maintenance while nursing, effectively reducing "overhead costs" (Fedak and Anderson 1982) and allows females to return to sea quickly to feed and to begin gestating another offspring. The energetics of lactation in grey seals and harp seals is similar to elephant seals with respect to the short nursing period, the mean rate of energy transferred, the mean energy value of weight gained and, when standardized according to size, mean weight gain per day. These animals that concentrate investment in their young offer numerous advantages for the study of PI. A key question in all of these species is what limits the amount of energy transferred from mother to pup during nursing? Is it the female's ability to produce milk of a certain composition (high fat, low water) and transfer the product rapidly, or is it the pup's ability to assimilate it? Measurement of energy transfer to pups by nursing mothers is only one part of the measurement of PI as defined by Trivers (1972) . Evaluating parental behaviors that affect offspring survival, such as risk-taking, an integral part of Triver's definition of PI, remains a formidable problem. However, measurement of maternal energy investment alone, a direct measure of reproductive effort, permits certain predictions from the theory to be tested. For example, using the procedures described in this paper, it is possible to determine whether mothers invest differentially in their offspring according to sex, whether the magnitude of investment varies with the age or size of the mother, and whether the great energetic drain of nursing lowers the female's probability of survival or her ability to invest in future offspring.
SUMMARY
Total milk ingested throughout nursing in free-living northern elephant seal pups, derived from the turnover of tritiated water, gives an accurate estimate of the energetic component of parental investment. In 4 wk of nursing, females transferred a mean of 138 kg of milk with a value of 6.04 x 105 kcal, five times the metabolic requirements of pups. The mean rate of energy transfer is more than twice that predicted for the female's size from studies of laboratory and domestic animals. In one month, pups receive sufficient energy and essential nutrients from mother's milk to enable them to fast while continuing to develop for an additional 2/2 mo before feeding on their own. Measurement of the energetic component of parental investment makes it possible to test predictions from the theory of parental investment.
